Introduction {#Sec1}
============

The menisci play a crucial role in the knee, by stabilizing the joint and disseminating forces across the articulating surfaces^[@CR1]^. Consequently, the upkeep of the native intact menisci is vital for healthy functioning of the knee. Meniscal tears are the most widely known knee injuries, with a rate of meniscus related injuries leading to meniscectomy (partial or total removal of meniscus) of 61 per 100,000 populace for every year^[@CR2]^. The meniscal tears observed in acute knee injuries cause hyperextension or hyperflexion of the knee in younger patients or act as a risk factor for degeneration in the elderly. Medial meniscal tears occur more often than lateral meniscus tears, at a quantitative relation of approximately 2:1^[@CR3]^.

It is understood that the total meniscectomy prompts progressive articular cartilage wear following a couple of years after surgery. The key fact behind this is the alteration in the global biomechanics of the knee and thereby to increase the articular instability, leading to a progressive and degenerative arthroscopic pathology^[@CR4],\ [@CR5]^. The patients with symptomatic osteoarthritis (OA) might be treated by meniscal allograft transplantation (i.e. supplanting of the local tissue with a benefactor meniscus) to alleviate pain and restore knee function^[@CR6]^. Meniscal allografts were seen to shrivel and experience collagen remodeling upon transplantation^[@CR7],\ [@CR8]^, which affects the mechanical strength and may lead to allograft tears, articular instability, and degenerative damage. Moreover, issues concerning the provision and size of allograft, the risk of disease transfer, rejection, infection, and high expenses^[@CR7],\ [@CR8]^ have driven the need for alternate treatment options. Recently, studies have shown that a functional synthetic full meniscal implant could conceivably overcome the deficiencies of meniscus allograft transplantation^[@CR9]--[@CR12]^.

The improved designs of meniscal implants were extensively tested in the animal models, leading to severe damage to the articular cartilage caused by large deformation of the meniscal implant and wear-particle deposition^[@CR13],\ [@CR14]^. A synthetic implant design resembling the native meniscus as close as possible may provide a successful long-term implantation and restore the normal joint function^[@CR9],\ [@CR15]^. However, considerable attention has not been given to design and development of anatomically shaped meniscal implants and its effect on the overall biomechanics of the knee joint.

Since the primary function of the meniscus is to resist and disseminate the forces across the articulating surfaces, the mechanical properties of the meniscal implants play a major role in their function^[@CR16],\ [@CR17]^. Isotropic materials with different mechanical properties, such as material stiffness, are being used to manufacture the implants. However, the required material stiffness for optimal functionality of isotropic meniscal implants is not yet reported in the literature. It is challenging to experimentally study the effect of material stiffness of the meniscal implant on the knee joint contact mechanics after implantation. Computational simulation tools like finite element (FE) simulation can be employed to overcome this challenge. FE simulation is the widely used computational tool to estimate stresses within intact, morbid, injured and implanted knee joints^[@CR18]--[@CR23]^. Thus, it is a viable tool in providing physiological insights and assessing critical design parameters of the meniscal implants.

Measuring the magnitude and monitoring the distribution of contact pressures on the articular cartilage after medial meniscectomy or implantation have been viewed as a reliable approach for evaluating the biomechanical behavior in disseminating the loads across the articulating surfaces^[@CR9],\ [@CR18]--[@CR23]^. Therefore, the primary objectives of the current study were to (1) compare the articular cartilage contact pressures and their distributions and meniscus/implant displacement in intact knee, medial meniscectomy (total removal of medial meniscus) and meniscal implant and (2) study the influence of meniscal implant material stiffness variations on the articular cartilage contact pressures and implant displacement, using FE simulations on a subject-specific knee joint.

Materials and Methods {#Sec2}
=====================

Methodology {#Sec3}
-----------

All methods were carried out in accordance with relevant guidelines and regulations. A schematic representation of the proposed methodology, to study cartilage contact pressures and their distributions in the human knee joint with intact knee, medial meniscectomy and with the meniscal implant, is shown in Fig. [1a](#Fig1){ref-type="fig"}. Adapting the geometries of knee substructures from the Open Knee project^[@CR24],\ [@CR25]^, a 3D FE model of the human knee joint was developed. At first, FE simulations were conducted on the knee joint model with the intact medial meniscus. Then, the simulations were carried out on the knee joint model with medial meniscectomy. At last, the native medial meniscus was replaced by the anatomically shaped arbitrary meniscal implant, and the simulations were repeated for the same with three distinct material stiffnesses. The contact pressures, compression stresses, and shear stresses on the articular cartilage were evaluated for each meniscal case studied. Additionally, for the intact meniscus and implant cases, the kinematics of medial meniscus or implant including medial-lateral and anterior-posterior translations were evaluated.Figure 1(**a**) Study workflow, (**b**) 3D finite element model of the human knee joint (posterior view), including the bones, the articular cartilages, the ligaments, the lateral meniscus and the medial meniscal implant, and (**c**) model boundary conditions showing the reference point where the short term gait input is applied.

FE model of the knee joint {#Sec4}
--------------------------

The geometry of the right knee substructures, extracted from MR (magnetic resonance) images, of a cadaveric knee specimen (70 years old, female) was obtained from the Open Knee project^[@CR24],\ [@CR25]^. The 3D knee substructures were imported into Abaqus ver. 6.14-2 (SIMULIA, Providence, RI, USA) and a finite element model of the human knee joint was developed (Fig. [1b](#Fig1){ref-type="fig"}). The bone models (femur and tibia) were meshed using three-noded 3D rigid triangular facet elements (Abaqus R3D3); the soft tissues (cartilage, ligaments, and menisci) and anatomically shaped arbitrary meniscal implant were meshed using eight-noded hexahedral elements (Abaqus C3D8). The ligament-bone and cartilage-bone attachment were modeled by attaching the nodes on the relating surfaces. The contact surfaces of cartilage-cartilage and cartilage-menisci were simulated using frictionless sliding contact elements for both the lateral and medial sections. Assuming the ligaments extracted from MR images were in extended position, a pre-strain of 4% was applied to the lateral collateral ligament (LCL) and medial collateral ligament (MCL) and 5% was applied to the anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL)^[@CR26]^. The meniscal horn attachments were simulated using linear springs with no pre-strain and the combined spring stiffness of 350 Nmm^−1^ on each side^[@CR27]^ and attached to the top of the tibia.

Material models {#Sec5}
---------------

Using a user-defined UMAT in Abaqus CAE ver. 6.14-2, the native menisci and the ligaments were modeled as transversely isotropic hyperelastic neo-Hookean materials^[@CR25],\ [@CR28]--[@CR31]^ with the strain-energy function:$$\documentclass[12pt]{minimal}
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The bony structures (femur and tibia) were modeled as rigid bodies as the stiffness of the bone is several orders of magnitude higher than that of the cartilages^[@CR29],\ [@CR31]^. The articular cartilages were modeled as isotropic single-phase linear elastic material with an elastic modulus (E) of 10 MPa and a Poisson's ratio (ν) of 0.45^[@CR34],\ [@CR35]^. The sensitivity analysis of cartilage contact stresses and contact area to the changes in elastic modulus of the articular cartilage was perfomed (refer Supplementary Tables [S1](#MOESM1){ref-type="media"}--[S3](#MOESM1){ref-type="media"}). The material for meniscal implant (Bionate^®^ grade II polycarbonate urethane, types 80 A, 90 A, and 55D, DSM Biomedical, Pennsylvania, USA) was modeled as an isotropic neo-Hookean material with a Poisson's ratio ν = 0.49. Three distinct material stiffness of the meniscal implant (E = 11 MPa, 15 MPa, and 17 MPa) were considered to simulate all the three types of Bionate^®^ grade II polycarbonate urethane material.

Boundary and loading conditions {#Sec6}
-------------------------------

The bottom of the tibial bone was fixed in all translational and rotational degrees of freedom, while the femur was only fixed in knee flexion where it is fixed at 0° to simulate a short-term gait load of a human knee joint in full extension. A reference point, located in the central region between lateral and medial femoral epicondyles, was coupled to the femoral surface using the constraint method in Abaqus (Fig. [1c](#Fig1){ref-type="fig"}). An axial compressive load of 1150 N was applied to the femoral condyle reference point, which relates to the gait cycle load in full extension (0° flexion angle)^[@CR21],\ [@CR36]^.

Mesh convergence {#Sec7}
----------------

After employing material modeling, boundary conditions and loading conditions on the intact knee model, sensitivity analyses on mesh density were performed to verify that the model predictions were not affected by mesh refinement. The element size of knee substructures was varied to yield six different mesh resolutions, by keeping the very refined mesh as the reference for comparison (Table [2](#Tab2){ref-type="table"}). The peak joint contact pressure predicted by cases a-e were compared with those predicted by the reference case, and the cases within ±5% of the reference case were considered as accurate. Case c was found to be optimal, as it requires less computing power while maintaining prediction accuracy of 96% with respect to the reference case model. The predictions by cases d and e were very inaccurate (\>5%). The human knee joint finite element model (Fig. [1b](#Fig1){ref-type="fig"}) included 3D structures of the femur (2 mm element size, 10510 elements), tibia (2 mm element size, 7985 elements), femoral articular cartilage (1 mm element size, 13948 elements), medial tibial articular cartilage (1 mm element size, 2794 elements), lateral tibial articular cartilage (1 mm element size, 3298 elements), medial meniscal implant (1 mm element size, 1512 elements), lateral meniscus (1 mm element size, 1984 elements), ACL (1 mm element size, 1107 elements), PCL (1 mm element size, 1840 elements), MCL (1 mm element size, 12820 elements), and LCL (1 mm element size, 1953 elements).Table 2Sensitivity analyses on mesh density for different knee substructures.Case (s)Element size (ES) and number of elements (NOE)% change in peak cartilage contact pressureFemoral cartilageTibial cartilageMedial meniscusLateral meniscusES (mm)NOEES (mm)NOEES (mm)NOEES (mm)NOEReference0.75371550.5424230.596300.514640---Case a0.75371550.54242311512119841.93Case b0.75371551609211512119842.78Case c1139481609211512119843.97Case d1.532521.513581.54441.55168.43Case e2194428452224227213.27

Results {#Sec8}
=======

Comparison of articular cartilage contact pressures and meniscus/implant displacement in intact knee, medial meniscectomized knee, and the knee joint with the meniscal implant {#Sec9}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The intact knee joint disseminated the contact pressures, compression stresses and shear stresses over a large area of femoral and tibial cartilage. The medial meniscectomized knee reduced the cartilage contact area which resulted in higher values of contact pressures focused on the central region of cartilage. The meniscal implant with a stiffness of 11 MPa (hereafter referred to as implant-1) redisseminated the pressures by loading larger surface area covering central and peripheral regions of the cartilage resulting reduced peak cartilage pressure compared with medial meniscectomy (Fig. [2a](#Fig2){ref-type="fig"}). In the knee joint with implant-1, the femoral and tibial cartilages were not loaded with contact pressures greater than 4.6 MPa (peak femoral cartilage pressure induced by the intact knee) and 5.7 MPa (peak tibial cartilage pressure induced by the intact knee), respectively, while in the medial meniscectomized joint, the articular cartilages experienced significantly higher contact pressures (\>4.6 MPa for femoral cartilage and \>5.7 MPa for tibial cartilage) (Figs [2d](#Fig2){ref-type="fig"}, [3a,b,e,f](#Fig3){ref-type="fig"}). The medial meniscectomized joint resulted in reduced total loaded area compared to the intact knee and implant-1 on the femoral and tibial cartilages due to the focus of cartilage pressures on the central region of the tibial cartilage (Fig. [3c,d](#Fig3){ref-type="fig"}). The maximum contact pressure induced on the articular cartilages by the knee joint with implant-1 was considerably lower than the medial meniscectomized joint and proximate to the intact knee (4.6 MPa vs. 6.7 MPa vs. 4.6 MPa on the medial femoral cartilage and 5.2 MPa vs. 7.6 MPa vs 5.7 MPa on the medial tibial cartilage). The cartilage compression stresses (minimum principal), shear stresses and cartilage compressive strains induced by implant-1 follows the same trend as cartilage contact pressures (Fig. [2b,c,e,f](#Fig2){ref-type="fig"}) (Table [3](#Tab3){ref-type="table"}). The medial meniscus/implant displacement induced by the knee joint with implant-1 were larger than those of the intact knee (medial direction: 3.2 mm vs. 2.9 mm; posterior direction: 0.9 mm vs. 0.4 mm) (Fig. [4a,b](#Fig4){ref-type="fig"}).Figure 2(**a--c**) The medial cartilage contact pressures, compression stresses (minimum principal) and shear stresses on the femoral and tibial surfaces for the intact knee, medial meniscectomized knee and the knee joint with the meniscal implant with three distinct material stiffness, and (**d--f**) femoral and tibial surfaces with contact pressures, compression stresses and shear stresses higher than the peak values of those induced by the intact knee. Figure 3Analysis of articular cartilage contact pressure. (**a,b**) the cartilage contact pressure for each node (only non-zero values were included), (**c,d**) the percentage of cartilage nodes loaded with contact pressure greater than 0 MPa (reflects the loaded cartilage area), (**e**) the percentage of femoral cartilage nodes loaded with contact pressure greater than 4.6 MPa (peak femoral cartilage contact pressure induced by the intact knee), and (**f**) the percentage of tibial cartilage nodes loaded with contact pressure greater than 5.7 MPa (peak tibial cartilage contact pressure induced by the intact knee). Table 3Comparison of the peak cartilage contact pressure, the peak cartilage compressive stress, the peak cartilage shear stress, and the peak cartilage compressive strain induced on the articular cartilage of the models with intact meniscus, medial meniscectomy and the meniscal implant with three distinct stiffness.CasesIntact kneeMedial MeniscectomyMeniscal implant-1 (E = 11 MPa)Meniscal implant-2 (E = 15 MPa)Meniscal implant-3 (E = 17 MPa)Peak cartilage contact pressure (MPa)Femoral4.646.654.564.985.51Tibial5.747.635.155.976.61Peak cartilage compressive stress (MPa)Femoral2.764.472.663.914.06Tibial3.525.673.635.015.39Peak cartilage shear stress (MPa)Femoral1.933.531.812.212.89Tibial2.323.922.292.853.26Peak cartilage compressive strain (%)Femoral11.915.711.612.413.3Tibial13.816.813.814.715.4 Figure 4(**a**) The medial displacement of the meniscus or implant induced by the intact knee and the knee joint with the meniscal implant with three distinct material stiffness, and (**b**) the posterior displacement of the meniscus or implant induced by the intact knee and the knee joint with the meniscal implant with three distinct material stiffness, loaded with an axial compressive joint load of 1150 N.

Influence of meniscal implant stiffness variations on the articular cartilage contact pressures and implant displacement {#Sec10}
------------------------------------------------------------------------------------------------------------------------

The meniscal implant with variations in material stiffness affected the contact pressures on the articular cartilage and implant displacement. Compared to the knee joint with implant-1, the meniscal implant with stiffness of 15 MPa (hereafter referred to as implant-2), and the implant with a stiffness of 17 MPa (hereafter referred to as implant-3), increased the area of cartilage region loaded with contact pressures greater than 4.6 MPa (peak femoral cartilage pressure induced by the intact knee) and 5.7 MPa (peak tibial cartilage pressure induced by the intact knee) on the femoral side and tibial side, respectively (Figs [2a,d](#Fig2){ref-type="fig"}, [3a,b,e,f](#Fig3){ref-type="fig"}). Implant-3 resulted in decreased total loaded cartilage area compared to implant-1 and implant-2 on the femoral and tibial cartilage (Fig. [3c,d](#Fig3){ref-type="fig"}). The peak contact pressures induced by the knee joint with implant-3 were higher than implant-2 and implant-1 (5.5 MPa vs. 5.0 MPa vs. 4.6 MPa on the medial femoral cartilage and 6.6 MPa vs. 6.0 MPa vs 5.2 MPa on the medial tibial cartilage). The compression stresses (minimum principal), shear stresses and cartilage compressive strains induced on the articular cartilages by the knee joint with implant-3 follows a similar trend as cartilage contact pressures (Fig. [2b,c,e,f](#Fig2){ref-type="fig"}) (Table [3](#Tab3){ref-type="table"}). The implant displacement induced by implant-3 were lower than those of implant-2 and implant-1 (medial direction: 3.0 mm vs. 3.1 mm vs. 3.2 mm; posterior direction: 0.6 mm vs. 0.8 mm vs. 0.9 mm). (Fig. [4a,b](#Fig4){ref-type="fig"}). Hence, an increase in implant material stiffness increased the cartilage contact pressures, compression stresses, shear stresses and compressive strains, on the other hand, reduced the implant displacement.

Discussion {#Sec11}
==========

Supplanting a severely injured meniscus with an anatomically-shaped artificial implant is becoming a promising treatment procedure for patients suffering from severe meniscal injuries. Given the advancements in medical imaging, design, and manufacturing technologies, an anatomically-shaped implant geometry could be reproduced to fit the intricate articular surface of the distal femur and the proximal tibia. The optimal choice of the stiffness of material for meniscal implant plays a crucial role in improving contact pressures experienced by the knee joint after medial meniscectomy. In this study, we have carried out FE simulations to investigate the effects of meniscal implant material stiffness on articular cartilage contact pressures and implant kinematics. The critical findings of the current study were: (1) the peak cartilage contact pressure induced by the knee joint with implant-1 was lower compared to the medial meniscectomy and proximate to the intact knee, (2) the variations in meniscal implant material stiffness affected the cartilage contact pressures and implant displacement, and (3) increasing the material stiffness of the meniscal implant increased the cartilage contact pressures, but reduced the implant displacement.

When compared with the medial meniscectomy, implant-1 reduced the peak contact pressure, peak compressive stress and peak shear stress by 31%, 41%, and 49% on the medial femoral cartilage and by 33%, 18% and 42% on the medial tibial cartilage, respectively. When compared with the intact knee, the knee joint with implant-1 increased the displacement in the medial and posterior directions by 9% and 54%, respectively. The increase in implant displacement may be due to the lack of circumferential reinforcement in these synthetic implants. Despite such large displacement, the peak contact pressure induced on the articular cartilage by the knee joint with implant-1 was proximate to the peak contact pressure observed in the intact knee joint.

Leatherman *et al*. studied the sensitivity of cartilage contact stresses to the shape and material properties of the meniscus. The study found that the shape of the meniscus had a smaller effect on contact stresses when compared to the material properties of the meniscus^[@CR37]^. In the current study, by increasing the stiffness of the isotropic meniscal implant, there was a significant change in the contact mechanics of the knee joint. Implant-1 induced lower peak contact pressure, compression stress and shear stress on the articular cartilage compared to implant-2 and implant-3. The meniscal implant with high stiffness (implant-3) showed less displacement but induced high magnitude of peak contact pressure on the articular cartilage. Higher magnitude contact pressures on the articular cartilage may respond adversely causing biological changes in the cartilage and the underlying bone which may lead to early OA^[@CR17]^.

The intact meniscal shape and horn attachments are regenerated by designing an anatomically shaped meniscal implant, which is necessary for the proper functioning of the meniscus by stabilizing the human knee joint and disseminating the load across the articulating surfaces^[@CR38],\ [@CR39]^. Contrasted with commercial meniscal implants like NUsurface^®^, which do not have an intact horn attachment like setup^[@CR9],\ [@CR40]^, an anatomically shaped meniscal implant considered in this study functions efficiently after transplantation.

Some studies in the literature have performed FE simulations to predict the magnitude and distribution of contact pressures and compression stresses on the medial tibial cartilage in the intact knee and medial meniscectomized knee^[@CR21],\ [@CR41]--[@CR44]^. Peña *et al*. considered an axial compressive loading of 1150 N at full extension and reported the peak compression stress of 3.36 MPa on the medial tibial cartilage for the intact knee. In medial meniscectomized knee, the peak compression stress on the medial tibial cartilage was increased up to 5.34 MPa^[@CR21]^. Similar outcomes have been obtained from our FE simulations, i.e. a peak compressive stress of 3.52 MPa on the medial tibial cartilage for the intact knee and a peak compressive stress of 5.67 MPa on the medial tibial cartilage in the case of the meniscectomized knee. Donahue *et al*. considered an axial compressive load of 800 N at full extension and reported the mean contact pressure of 2.35 MPa on the medial tibial cartilage for the intact knee^[@CR43]^, while we predicted a mean contact pressure of 3.09 MPa on the medial tibial cartilage for the intact knee under 1150 N. Meng *et al*. predicted the contact area on the medial tibial plateau for the intact knee. Under an axial compressive load of 1000 N at full extension, the estimated medial tibial plateau contact area was 614 mm^2^  ^[@CR44]^. Our FE simulation for the intact knee predicted the contact area of 684 mm^2^ on the medial tibial plateau under 1150 N, in line with the reported values in the literature.

Wilson *et al*. developed an axisymmetric model to simulate the meniscectomized knee^[@CR45]^. They predicted a 40% decrease of contact area on the medial tibial plateau for the meniscectomized knee compared to the intact knee^[@CR45]^. In our study, we predicted a 48% decrease of contact area on the medial tibial plateau, which corresponds to published research findings^[@CR21],\ [@CR46],\ [@CR47]^. The meniscectomized knee has undesirable effects, as evident from our FE simulations (Table [3](#Tab3){ref-type="table"}). In the meniscectomized knee, the peak contact pressure, peak compression stress, and peak shear stress increases about 35%, 61%, and 70%, respectively, compared to the intact knee. The medial articular cartilage nodes were loaded with high contact stresses in the meniscectomized knee, while those regions were either not loaded or loaded with low values of contact stresses in the intact knee (Figs [2d--f](#Fig2){ref-type="fig"}, [3e,f](#Fig3){ref-type="fig"}). The change of contact conditions implies instability and therefore affects the salubrious functioning of the knee joint^[@CR21]^.

The estimated peak contact pressure on the medial tibial cartilage from our FE simulation for the intact knee is in good agreement with experimentally measured contact pressure reported by Verma *et al*.^[@CR46]^ and Allaire *et al*.^[@CR48]^. At 1000 N axial compressive load, the experimentally measured peak contact pressures after medial meniscectomy were ranging from 6.0 MPa to 11.3 MPa^[@CR46]--[@CR48]^, while the peak contact pressures were ranging from 8.3 MPa to 12.4 MPa at 1800 N axial compressive load^[@CR49],\ [@CR50]^. The peak contact pressure from our FE simulation at an intermediate axial compressive loading of 1150 N after medial meniscectomy is in good agreement with these studies available in the literature. There are numerous challenges in experimentally measuring the contact stresses with a meniscal implant, for instance, the pressure sensor or film insertion may change the biomechanical contact conditions of the knee joint^[@CR51]^. Besides, it is not possible to experimentally measure shear stresses on the articular cartilage surface as it may cause severe damages to the outermost of the articular cartilage strata. In the current study, FE simulations were utilized to investigate the considered cases efficiently. In order to extrapolate the outcomes of FE simulation to the *in-vivo* scenario, it is essential to validate the simulation results by comparing with the experimentally measured data. For this study, we have used the Open Knee substructures for developing the FE model, so the cadaveric knee specimen was not available for biomechanical experiments. However, we have compared our FE simulation results with the experimentally measured data available in the literature to check the accuracy of results predicted by our FE model. To give a reference to the cases that we have considered, the peak contact pressure on the medial tibial cartilage induced by the intact knee and the medial meniscectomized knee from our study were compared with experimental investigations in the literature (Table [4](#Tab4){ref-type="table"}). By considering the results derived from the FE simulations of intact knee and medial meniscectomized knee as references for comparing a knee with the meniscal implant, our results could well explain the functioning of the meniscal implant and this information can be used to compare with germane *in-vivo* clinical cases.Table 4Comparison of the peak tibial cartilage contact pressure in the current study and the experimentally measured values available in the literature.Experimental/computational studyFlexion angle (°)Axial compressive load (N)Peak tibial cartilage contact pressure (MPa)% increase in peak cartilage contact pressureIntact KneeMedial MeniscectomyExperimentalVerma *et al*.^[@CR46]^010006.011.347Fukubayashi *et al*.^[@CR47]^010003.06.050Allaire *et al*.^[@CR48]^010005.06.422Lee *et al*.^[@CR49]^018004.512.464Paletta *et al*.^[@CR50]^018002.48.371Current study (computational)011505.77.625

Several confinements ought to be considered while deciphering the outcomes of our study. The FE model was built using the geometric information from single subject data, so probably another model might respond differently to the loading conditions applied in this study. However, our FE model was developed from a cadaveric knee specimen of the average-sized female subject, and thus the outcomes from our study are applicable to patients with average-sized knee joints with no anatomical deformities. In the current study, standard static simulations were carried out on only one knee geometry with simple loading and boundary conditions. Also, the outcomes of the meniscal implant FE simulation were compared with intact knee joint FE simulation where the native meniscus is simulated which may not have some characteristics of the real meniscus tissue. Cartilages were modeled as linear elastic and isotropic material, however, incorporating computationally expensive biphasic material behavior would be more precise^[@CR21],\ [@CR29]^. When subjected to short loading times, the fluid flow is not substantial and hence the response of elastic material does not deviate from the biphasic material^[@CR43]^. The instantaneous response of cartilages to a short-term gait load was focused in the current study, therefore cartilages can be modeled as elastic materials. Also, viscoelastic and swelling material properties were not considered while modeling the menisci and the articular cartilage^[@CR45]^. In future, dynamic FE simulations will be performed for the complete gait cycle loading and boundary conditions to better predict the biomechanics of the knee joint, with possible extension to also study the biomechanical effects of size and shape variations of the meniscal implant.

In summary, we have demonstrated that an anatomically shaped meniscal implant prevents higher magnitude contact pressures on articular cartilage when compared with medial meniscectomy using FE simulations. The contact pressures on the articular cartilages and the implant displacement are sensitive to the material stiffness of polycarbonate urethane meniscal implant. At 1150 N axial compressive load, the peak contact pressure on the articular cartilage induced by the meniscal implant modeled from a neo-Hookean material with a stiffness of 11 MPa was proximate to those induced by the native intact meniscus. Increasing the material stiffness of the meniscal implant led to elevated contact pressures on the articular cartilage which increases the risk of physiological damage to the articular cartilage, however, reduced the implant displacement. These critical findings will be utilized to optimize the required mechanical characteristics of the anatomically shaped meniscal implants and eventually accomplish successful meniscal transplantation in a clinical scenario.
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